Introduction
The per for mance of con ven tional heat exchangers can be sub stan tially im proved by many aug men ta tion tech niques ap plied to de sign sys tems. Heat trans fer en hance ment de vices are com monly em ployed to im prove the per for mance of an ex ist ing heat exchanger or to re duce the size and cost of a pro posed heat exchanger. An al ter na tive goal is to use such tech niques to in crease the sys tem ther mo dy namic ef fi ciency, which al lows to re duce the op er at ing cost. A clas si fi ca tion of en hance ment tech niques can be found in [1] [2] [3] .
The sur face meth ods in clude any tech nique which di rectly in volves the heat exchanger sur face. They are used on the side of the sur face that co mes into con tact with a fluid of low heat trans fer co ef fi cient in or der to re duce the thick ness of the bound ary layer and to in tro duce better fluid mix ing. Some of the ex ist ing meth ods for en hanc ing heat trans fer in a sin gle-phase, fully de vel oped tur bu lent flow are one of the two types: (a) methods in which the sur face is rough ened, e. g. with re peated or he li cal rib bing, by sand ing, or with fins, and (b) meth ods in which a heat trans fer pro moter, e. g., a twisted tape, disk or stream lined shape is in serted into the chan nel.
In many cases heat trans fer en hance ment in tubes can be sup ple mented by heat trans fer en hance ment on the out side wall of tubes, as for tube-in-tube heat exchangers. An ap pli ca tion is in va por com pres sion hot-wa ter heat pumps. The con dens ing re frig er ant may typ i cally flow in the in ner tube and the wa ter to be heated in a coun ter flow di rec tion in the an nu lus. In this case, heat trans fer en hance ment on the outer wall is also im por tant. Heat trans fer en hance ment on the in ner or outer tube de creases the tem per a ture dif fer ence between the con dens ing re frig er ant and wa ter to be heated, which is an ad van tage as higher tem per a ture can be reached.
Re cently, sev eral stud ies have been done to im prove the heat trans fer co ef fi cient in annuli [4] [5] [6] . The pur pose of these stud ies was to in ves ti gate the po ten tials of some very sim ple and in ex pen sive meth ods of heat trans fer aug men ta tion that could be used by small man u fac tur ing com pa nies. Van der Vyver and Meyer [4] used a round tube in side a twisted square tube to en hance the ro ta tion com po nent in the an nu lus which in creased the heat trans fer co ef fi cient by up to 50%. At the same time the fric tion fac tor in creased by up to 9%.
An other method used by Herman and Meyer [5] was to use a spi ral ing tube in side the an nu lus of a tube-in-tube heat exchanger. Three tubes were thus used. Ex cept for the inner and outer tube, the third tube was spi raled in the an nu lus of the other two and also formed a flow pas sage. The aim was not only to in crease the heat trans fer in the an nu lus by swirl flow but also to in crease the cross flow area, since some of the flow will not only be through the an nu lus but also through the spi raled tube. The ad van tage of this method when com pared to spi raled thin wires is that no flow can oc cur through a wire since it blocks the flow.
The third method that makes use of this prin ci ple was pat ented by Meyer and Coetzee [7] . An an gled spi ral ing tape is used in the an nu lus to in duce swirl, fig. 1 . Three tube-in-tube heat exchangers were tested with an gled spi ral ing tape in the an nu lus with differ ent pitches. It was de ter mined that the heat exchanger with the small est pitch of the angled spi ral ing tape and with flow against the cur va ture of the tape re sulted in the high est increase in the Nusselt num ber of 206%. As pen alty this heat exchanger also had the high est in crease of the pres sure drop of 203%. Be ing fa mil iar with these in ves ti ga tions [4] [5] [6] one faces a ques tion, "Which surface is the best?" The de signer may feel frus trated, since the per for mance char ac ter is tic of each of the sur faces tested has not been eval u ated on any com mon ba sis.
In this pa per we at tempt to iden tify the pre ferred en hance ment ge om e try on the ba sis of its ther mo dy namic per for mance. The eval u a tion of the per for mance will be made on the ba sis of the first and the sec ond law anal y sis, tak ing into ac count some de sign or oper a tional con straints.
Performance evaluation criteria
The ex tended per for mance eval u a tion cri te ria (PEC) equa tions have been used to as sess the ther mo dy namic ef fi ciency of the tubes in ves ti gated. The equa tions are de veloped for tubes of dif fer ent di am e ters and heat trans fer and fric tion fac tors based on the presen ta tion for mat of per for mance data for en hanced tubes [8] . The rel a tive equa tions for single-phase flow in side enhanced tubes or channels are [9] : (6) where R is a sum of resistances (defined in [9] ).
The ef fect of the ther mal re sis tance ex ter nal to the sur face un der con sid er ation could also be taken into ac count by in clud ing the ex ter nal heat trans fer co ef fi cient h oS . The anal y sis in cludes the pos si bil ity that the en hanced heat exchanger may have an en hanced outer tube sur face E o = h oR /h oS . The foul ing resistances on both sides of the tube wall could also be put into con sid er ation. In this study all the tubes have been eval u ated at bound ary con di tion con stant wall tem per a ture. It should be pointed out that be fore this the cor re lated fric tion fac tors and heat trans fer co ef fi cients have been re cal cu lated with re spect to the hydrau lic di am e ter of the smooth tube-in-tube heat exchanger as a com mon ba sis for com par ison.
The eval u a tion and com par i son of the heat trans fer aug men ta tion tech niques [4] [5] [6] have been made on the ba sis of both first and sec ond law anal y sis. Thus it is pos si ble to deter mine the ther mo dy namic op ti mum in a heat exchanger by min i miz ing the aug men ta tion en tropy gen er a tion num ber com pared with the rel a tive in crease of heat trans fer rate Q * > 1, or rel a tive re duc tion of heat trans fer area A * < 1 or pump ing power P * < 1. Con se quently, a ra tio N S /Q * and a group N S A * = f(Re R ) might be de fined to con nect the two ob jec tives pursued by the first and sec ond law anal y sis and as a ba sis for ther mo dy namic op ti mi za tion. The heat trans fer ef fi ciency of the tubes in ves ti gated has been eval u ated for the fol low ing cases.
Fixed geometry criteria (FG)
These cri te ria in volve a one-for-one re place ment of the in ner smooth tubes of shell-and-tube heat exchanger by aug mented ones of the same ba sic ge om e try, e. g., shell di am e ter, tube length, and num ber of tubes. The FG-1 cases [9] seek in creased heat duty or over all con duc tance UA for con stant exchanger flow rate. The pump ing power of the enhanced shell-and-tube heat exchanger will in crease due to the in creased fluid fric tion charac ter is tics of the aug mented sur face. For these cases the con straints , DT i * =1, W * = 1, N * = = 1, and L * = 1 re quire P * > 1. When the ob jec tive is in creased heat duty Q * > 1, this cor responds to the case FG-1a, [9] . The aug men ta tion en tropy gen er a tion num ber N S , [10] 
The ra tio N S /Q * vs. Reynolds num ber, for the chan nels in ves ti gated in [4] [5] [6] is shown in figs. 2-4. As can be seen, in the range Re < 1.4·10 4 , the best char ac ter is tics have the chan nels with tubes 1, 2 [6] (y = 0.731, the small est pitch of the an gled spi ral ing tape), whereas for Re > 2.5·10 4 , the tube N5 [6] have a ten dency to be the best. Fur ther more, all the tubes in [4, 5] and tubes 1, 2 [6] con tin u ously have a deg ra da tion in their per for mance, whereas for Re > 1.3·10 4 , the tubes 3-6 [6] im prove their char ac ter is tics di min ish ing the entropy gen er a tion.
The FG-2 [9] cri te ria have the same ob jec tives as FG-1, but re quire that the augmented tube unit should op er ate at the same pump ing power as the ref er ence smooth tube unit. The pump ing power is main tained con stant by re duc ing the shell-side ve loc ity and thus the exchanger flow rate. The con straints are: N * = 1, L * = 1, and P * = 1 re quir ing W * < < 1, and Re R < Re S . In the case FG-2a the goal is in creased heat trans fer rate Q * > 1. The aug men ta tion en tropy gen er a tion num ber N S [10] The re sults for the case FG-2a are presented in figs. 5-7 and they are nearly the same as those for the case FG-1a. 
Variable geometry criteria (VG)
In most cases a heat exchanger is de signed for a re quired ther mal duty with a spec i fied flow rate. Since the shell-side ve loc ity must be re duced to ac com mo date the higher fric tion charac ter is tics of the aug mented sur face, it is nec es sary to in crease the flow area to main tain W * = 1 and to per mit the exchanger flow fron tal area to vary in or der to meet the pump ing power constraint: N * > 1, L * < 1, Re R < Re S .
In the case VG-1 [9] the ob jec tive is to re duce sur face area A * < 1 with W * = 1 for Q * = P * = 1.
The en tropy gen er a tion num ber is cal cu lated from [10] : 
The group A * N S vs. Reynolds num ber, for the chan nels in ves ti gated in [4] [5] [6] is shown in figs. [8] [9] [10] . For this case the best per for mance has a tube 4 [5] , whereas the tubes 1, 2 [6] have worse per for mances even than tube 2 [5] .
The cases VG-2 [9] aim at in creased ther mal per for mance (U R A R /U S A S or Q * >1) for A * = 1 and P * = 1. They are sim i lar to the cases FG-2. When the ob jec tive is Q * > 1, case VG-2a [9] , an ad di tional con straint is DT i * . The last case con sid ered is VG-2a where the ob jec tive is in creased heat rate Q * > 1 for W * = 1 and A * = P * = 1. The val ues of N S are cal culated fol low ing [10] : 
Reynolds number, [4] mm1 -45°; 2 -60°; 3 -90°; 4 -105° twist
For this case, in the range Re < 10 4 , the best per for mance has tube 4 [5] , but for Re > 10 4 the best one is tube 1 [6] . The re sults pre sented in figs. 2-13 have been ob tained as sum ing that the in ter nal heat trans fer co ef fi cient of the in ner tube is rel a tively large in com par i son with the heat trans fer co ef fi cient in the an nu lus. Con se quently, in this case of wa ter through the an nu lus heat ing with re frig er ants flow ing in the in side of a tube, the heat trans fer co ef fi cient of con dens ing re frig er ant is as sumed rel a tively large h i = 4 and the ther mal re sis tance on the an nu lus side is the high est. But, in many cases, for intube boil ing or con den sa tion of re frig er ants, the in side heat trans fer co ef fi cient is rel a tively small, and has to be aug mented. #3 -fig. 15 ), Thome [11] . When the in side wall of the in ner tube is smooth or mi cro-finned, the best per for mance has tube 1, but when the in side heat trans fer co ef fi cient be comes large and the in ter nal ther mal re sis tance is neg li gi ble, the best per for mance has tube 2.
Conclusions
Ex tended per for mance eval u a tion cri te ria equa tions have been used to as sess the ther mo dy namic ef fi ciency of some tech niques to en hance heat trans fer in the an nu lus of tube-in-tube heat exchangers, such as: an gled spi ral ing tape in serts, a round tube in side a twisted square tube and spi raled tube in side the an nu lus. The heat trans fer en hance ment in the shell can be sup ple mented by heat trans fer aug men ta tion in tubes us ing twisted tape inserts or mi cro-finned tubes. The ef fect of the ther mal re sis tance of the con dens ing re frig erant could also be taken into con sid er ation. The eval u a tion of the per for mance of each technique has been made on the ba sis of the first and sec ond law anal y ses, tak ing into ac count some de sign or op er a tional con straints. The re sults show that in most of the cases con sidered, the an gled spi ral ing tube in sert tech nique is the most ef fi cient. 
